Objective-Aortic stiffness and pressure wave reflection are associated with age-related cerebral microvascular disease, but the underlying mechanism remains obscure. We hypothesized that cerebral (carotid) flow alterations potentially mediate these associations. Approach and Results-Doppler waveforms were recorded in 286 patients with hypertension to measure the carotid flow augmentation index (FAIx) as the late/early-systolic velocity amplitude ratio. Tonometric waveforms were recorded to estimate the aortic pressure AIx (PAIx), aortic compliance, and carotid-femoral and carotid-radial pulse wave velocities. Additionally, white matter hyperintensities on brain magnetic resonance imaging were evaluated using the Fazekas scale.
A ortic stiffness and pressure wave reflection progress with advancing age 1, 2 and predict the future risk for symptomatic cardiovascular disease, including stroke. [3] [4] [5] Recent studies also demonstrated their association with asymptomatic microvascular damage in vasodilated organs such as the brain and kidney (eg, as manifested by cerebral white matter hyperintensities [WMH] and albuminuria), [6] [7] [8] [9] [10] [11] [12] which develops gradually into end-organ dysfunction (eg, dementia and renal failure). 13 These microvascular diseases consequent on aortic stiffening and increased wave reflection are attributed theoretically to abnormal increases in intra-arterial pressure, as well as flow pulsations, which travel from the central aorta to peripheral microvasculature. 14, 15 So far, however, there is little clinical evidence concerning the relative significance of flow versus pressure pulsations in microvascular disease progression.
Pressure and flow pulse waveforms recorded at the same arterial site generally differ from each other. 16 The waveform difference results in part from the interaction between the incident and reflected pressure waves from the lower and upper body, which causes an oscillatory pressure gradient to generate a pulsatile flow. 17 Also, depending on the local arterial compliance (ie, change in volume per change in pressure) and central-toperipheral artery stiffness gradient, the pulsatile flow can behave differently from pulsatile pressure. In fact, previous studies on the descending aorta 18 and femoral artery 19 have demonstrated that the flow waveforms (with forward and backward waves) markedly differ from the pressure waveforms, and the former can contribute to end-organ flow independently of the latter.
Carotid artery flow constitutes an important contributor to cerebral hemodynamics. Previous research indicates that pressure wave reflection from the lower body augments not only the aortic pressure but also the carotid flow, thereby increasing the intracerebral hemodynamic pulsations. 20 However, essential details of the carotid flow augmentation remain unknown, particularly its physiological determinants, mutual relations with other cerebrovascular risk factors, and pathological involvement in cerebral microvascular disease. Therefore, we comparatively investigated the aortic pressure augmentation index (PAIx) and carotid flow AIx in terms of (1) their age-related changes, (2) cross-sectional relationships with clinical parameters including aortic stiffness, and (3) potential relevance to cerebral WMH in patients with hypertension. Also, because the flow pulsatility index (PI) is widely used as a measure of flow pulsation 21 (or peripheral vascular resistance 22 ), additional comparisons were made for the WMH prediction between the carotid flow AIx and PI.
Materials and Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Subjects
The study population comprised 286 consecutive adult patients referred to our unit at Tohoku University Hospital for clinical assessment of hypertension and related cardiovascular risk factors. 18 Patients were excluded from this study if they had major complications, including prior symptomatic stroke, chronic heart failure, valvular heart disease, end-stage renal disease, carotid artery stenosis, aortitis syndrome, aortic aneurysm, atrial fibrillation, or acute cardiovascular events within the past 6 months.
Hypertension was defined as having casual brachial blood pressure values of ≥140/90 mm Hg on separate occasions or receiving antihypertensive treatment. The study protocols were approved by the medical ethics committee of Tohoku University, and each subject gave written informed consent before beginning the study.
Aortic Hemodynamic Measurements
A series of noninvasive hemodynamic assessments were made, as detailed previously. 19, 23 In brief, 20 minutes after resting in a supine position, individual patients had their blood pressure measured twice at the brachial artery using a cuff-oscillometric device (HEM-907, Omron Healthcare, Kyoto, Japan). Blood pressure waveforms were then recorded on the radial, carotid, and femoral arteries using applanation tonometry (SphygmoCor, AtCor Medical, West Ride, Australia) with a pencil-type probe (SPT-301, Millar Instruments, Houston, TX). The radial waveforms were also converted to the corresponding aortic waveforms mathematically using a generalized transfer function. The radial and aortic waveforms were calibrated with the brachial systolic and diastolic pressures to estimate the mean arterial pressure, aortic systolic pressure, and aortic pulse pressure (PP). In addition, aortic instantaneous pressures were determined at the time of the early systolic peak or shoulder (P 1 ), late systolic peak or shoulder (P 2 ), and end-diastole (P d ) to calculate the following parameters ( Figure 1 ):
• Incident pressure wave height (P1h)=P 1 −P d (mm Hg);
• Augmented pressure (AP)=P 2 −P 1 (mm Hg);
• PAIx=AP/PP (%). The carotid pressure waveforms (without transformation) were similarly analyzed to calculate the carotid PAIx.
In addition, wave reflection analysis was done with the SphygmoCor software. Specifically, the aortic pressure waveforms were decomposed to the incident and reflected waves using the flow triangulation method 24 to estimate the forward pulse height, reflected pulse height, reflection magnitude (RM, namely the reflected/forward pulse height ratio), forward pressure peak time, reflected pressure peak time, and aortic pulse reflection time.
The pulse wave velocity (PWV) was computed over the carotidfemoral and carotid-radial regions (ie, PWV CF and PWV CR ) using an electrocardiograph-derived R wave as the fiducial point. 19 Representative recordings of aortic pressure and carotid flow velocity pulse waveforms. P 1 indicates early systolic peak pressure (ie, incident wave peak pressure); P 2 , late systolic peak pressure; P d , end-diastolic pressure; V 1 , early systolic peak velocity; V 2 , late systolic peak velocity; V d , end-diastolic velocity; ED, ejection duration. T 1 and T 2 indicate respective time from the systolic upstroke to the early and late systolic peaks of carotid flow velocity. Aortic pressure augmentation index (PAIx) is calculated as PAIx=(P 2 −P 1 )/(P 2 −P d ) and carotid flow augmentation index (FAIx) as
respectively, and the ratio of PWV CF to PWV CR reflects the elastic/ muscular artery stiffness gradient. 25 The aortic blood flow velocity was measured using duplex ultrasound equipped with a 3.5-MHz sector array transducer (Vivid i, GE Healthcare, Tokyo, Japan), as previously reported. 18, 25 Specifically, Doppler flow waveforms of the descending aorta were recorded through the suprasternal window and ensemble-averaged for 10 consecutive cardiac cycles to determine the peak systolic forward velocity (V F ). The aortic lumen diameter and internal radius (R) were also measured by B-mode imaging. The aortic characteristic impedance (Z 0A ) and compliance (CL A ) were thus calculated using the following formulae: 18, 25 
Carotid Flow Measurements
Carotid duplex ultrasound was performed using a 12-MHz linear array transducer, as described previously (Vivid i). 25 Briefly, the Doppler flow was recorded for 16 seconds at the right common carotid artery 2 cm proximal to the carotid bulb, and the luminal diameter was measured at the same site by B-mode imaging. In a similar manner for the aortic waveforms, the carotid pulse waveforms composed of the spatially averaged instantaneous flow velocities were ensemble-averaged for 10 consecutive beats to determine the following velocity and temporal parameters ( Figure 1 ): early systolic peak (or shoulder) velocity (V 1 ), late systolic peak (or shoulder) velocity (V 2 ), systolic maximum velocity (V max ), end-diastolic velocity (V d ), time-averaged mean velocity (V mean ), time from the systolic upstroke to the early systolic velocity peak (T 1 ), time from the systolic upstroke to late systolic velocity peak (T 2 ), and ejection duration. The late systolic peak was identified as the second minimal (nadir) point of the second derivative of the original pulse wave, using peak analysis software (Origin Pro, Origin Lab, Northampton, MA). Based on a previous study, 20 the carotid flow augmentation index (FAIx) was calculated using the early systolic velocity wave height (V1h) and late systolic velocity wave height (V2h):
Also, as a substitute for the traditional FAIx, an alternative FAIx (FAIx 2 ) was calculated using a similar equation to PAIx:
In addition, the carotid velocity pulse height (Vh) and PI were determined as follows: 22 
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Instantaneous volumetric flow (mL/s) was also computed from the artery lumen diameter and respective flow velocity at the early systolic peak (F 1 ), late systolic peak (F 2 ), systolic maximum peak (F max ), and end-diastole (F d ), along with the time-averaged mean flow (F mean ) and flow pulse height (Fh).
Brain Magnetic Resonance Imaging
Brain magnetic resonance (MR) imaging was performed at 1-1.5T (SIGNA, GE Medical Systems, Fairfield, CT) in a subset of the subjects (n=168). The imaging protocol comprised T1-and T2-weighted spin-echo and fluid-attenuated inversion recovery sequences, as well as MR angiography of the intracranial and large neck arteries. Cerebral white matter lesions that appeared hyperintense on all axial T2/fluid-attenuated inversion recovery images were evaluated by a single experienced observer blinded to clinical and hemodynamic data. The WMH were divided by the lesion sites into periventricular and deep subcortical WMH, and the respective severity was rated using the Fazekas scale (ie, grade 0-3). 26 The patients were then classified into 3 groups of increasing WMH severity according to the sum of the periventricular and deep subcortical WMH scores (none: 0; mild: 1-2; moderate-to-severe: 3-6).
Biochemical Measurements
Venous samples were drawn to measure the creatinine, HDL (high-density lipoprotein) and LDL (low-density lipoprotein) cholesterol, and fasting blood glucose by standard methods. Estimated glomerular filtration rate (eGFR) was calculated from age, sex, and serum creatinine. 27 Hypercholesterolemia was diagnosed as an LDL cholesterol of ≥140 mg/dL or receiving cholesterol-lowering medication, and diabetes mellitus as a fasting blood glucose of ≥126 mg/dL or receiving antidiabetic medication.
Statistical Analysis
Data are shown as mean±SD, median (interquartile range), or percentage. Several parameters (including aortic PWV) with a skewed distribution were logarithmically or reciprocally transformed and standardized to a normal distribution. Univariate linear or curvilinear relationships were evaluated using Pearson correlation coefficients (r). Steiger z test 28 and ANCOVA were used to compare 2 correlation coefficients and the slopes of the regression lines, respectively. Independent relationships between the clinical characteristics and AIx were evaluated by multivariate stepwise linear regression analysis. Partial correlation analysis was used to evaluate the relationship between AIx and stiffness measures after controlling for age and sex.
Univariate comparisons among 3 WMH groups were made using ANOVA followed by post hoc Bonferroni correction, if the continuous variables had a normal distribution on the Kolmogorov-Smirnov test and an equal variance on the Levine test. If data failed these tests, the Kruskal-Wallis and post hoc Dunn-Bonferroni tests were used instead. Comparisons of dichotomous variables (percentage) were made using χ 2 test. Multivariate comparisons of central hemodynamic measures among 3 WMH groups were made by ANCOVA using age, sex, height, body mass index, eGFR, mean arterial pressure, heart rate, carotid mean flow velocity (except for PI), carotid artery diameter, diabetes mellitus, hypercholesterolemia, medical treatment with calcium channel blockers, renin-angiotensin system inhibitors, adrenergic receptor blockers, diuretics, and statins as covariates. The same covariates, as well as aortic PWV, were taken into account for multivariate logistic regression analysis to adjust the odds ratios (ORs) and 95% CIs of each 1 SD increase in the hemodynamic measures for predicting the presence of WMH.
Differences in variables with a normal distribution between independent 2 groups were evaluated by Student t test (for data with equal variances) or Welch t test (for data with unequal variances), and pairwise comparisons within the same groups by paired t test.
P values <0.05 were considered significant. All statistical analyses were performed using SPSS Statistics 25.0 (IBM, Armonk, NY). Table 1 shows the clinical characteristics of the 286 patients. The mean age was 54±13 years, ranging from 20 to 84 years. The average brachial pressure was 131/74 mm Hg since most subjects (91%) were being medically treated and their blood pressure was basically well controlled. The antihypertensive drugs (given either alone or in combination) included calcium channel blockers in 225 patients (79%), renin-angiotensin system inhibitors in 93 (33%), adrenergic (α 1 -or β 1 -) receptor blockers in 147 (51%), diuretics in 32 (11%), central α 2 -agonists in 6 (2%) and others in 5 (2%). Hypercholesterolemia was present in 43% of the patients and diabetes mellitus in 26%. Statins were being prescribed in 73 patients (26%). None of the patients had significant (>50%) stenosis of the carotid, vertebral or intracranial arteries on ultrasound or MR angiography.
Results

Patient Characteristics
The aortic hemodynamic characteristics were essentially similar to those previously reported (Table 1) . 25 The median values (and interquartile ranges) of aortic PWV and compliance were 7.6 (6.6-9.1) m/s and 4.3×10 −6 (2.7×10 −6 to 6.0×10 −6 ) cm 4 /dyn, respectively. The mean aortic PAIx was estimated as 27±12% and RM as 67±17%. There was a close linear correlation between the aortic and carotid AIx (r=0.79, P<0.001), although the former was greater than the latter (17±19%, P<0.001).
Carotid Flow Velocity Waveform
Typically, the flow velocity pulse waveform of the carotid artery had 3 major peaks, consisting of 2 peaks (or shoulders) during systole and 1 peak (of the dicrotic wave) during diastole ( Figure 1 ). The first peak appeared in early systole, 0.07±0.01 second after the onset of systolic flow (T 1 in Figure 1 and Table 1 ). This was followed by a rapid deceleration and then a gradual acceleration of flow, reaching the second peak/ shoulder in late systole (0.19±0.03 second after the systolic onset, T 2 ). In most patients (n=259, 91%) the systolic maximal velocity (V max ) corresponded to the early systolic peak velocity (V 1 ), while in the other patients (9%) it corresponded to the late systolic peak (V 2 ) because V 2 exceeded V 1 . In the whole patient group, the mean values of the early systolic peak, late systolic peak, end-diastolic, and time-averaged mean flow velocity measured 46, 33, 13, and 22 cm/s, respectively ( Table 1) . The early and late systolic velocity peak times preceded (P<0.001) and correlated (P<0.005) with the aortic incident and reflected pressure peak times, respectively. The carotid FAIx and PI were computed at 65±26% and 1.54±0.37. FAIx was highly correlated with FAIx 2 (r=0.998) with a regression slope of near unity (0.96, Figure I in the online-only Data Supplement), suggesting their interchangeability. To further elucidate how FAIx behaved differently from PAIx as a function of age, additional evaluations were made for their hemodynamic components ( Figure 3 ). As expected, the augmented pressure increased linearly with increasing age in parallel with the incident pressure wave height ( Figure 3A) . The late systolic velocity wave height also increased with age but, in contrast, the early systolic velocity height decreased ( Figure 3B ). On this account, there was an increase in the PP ( Figure 3D ) but a decrease in the velocity pulse height ( Figure 3E ), that is, opposing effects of age on the pulsatile pressure and velocity profiles. When assessed as volume rather than velocity, the increase in the late systolic flow with age became even more obvious ( Figure 3C ), despite no agedependency in the mean flow (r=−0.06, P=0.31). 
Associations With Clinical Characteristics
Associations With Arterial Stiffness
Both FAIx and PAIx were significantly correlated with arterial stiffness measures including aortic PWV, elastic/muscular PWV ratio and aortic compliance (Figure 4) 
Associations With Brain WMH
As shown in Table III in the online-only Data Supplement, division of the subjects into 3 groups according to the Fazekas scale suggested that more severe WMH was associated with older age, shorter height, higher aortic blood pressure, higher RM, lower eGFR, higher aortic (but not peripheral) PWV, higher aortic characteristic impedance, lower aortic compliance, lower carotid mean flow velocity, and larger carotid artery diameter. There was no group difference in the carotid mean flow volume or the breakdown of antihypertensive medications.
On univariate analyses, both FAIx and PAIx were positively associated with WMH severity; higher AIx values were associated with more severe WMH ( Figure 5 ). In contrast to AIx, there was an inverse association between PI and WMH. On multivariate analyses which considered known or potentially relevant confounders, both FAIx and PAIx, but not PI, remained significantly associated with the WMH severity ( Figure 5 ). Even after further adjustment for aortic PWV, a significant association was still observed between FAIx and WMH (P=0.01), though no longer between PAIx and WMH (P=0.07). Table 2 shows the predictive ability of central hemodynamic measures for the presence of WMH (ie, with total Fazekas scores ≥1). In crude logistic regression models, all measures 
Discussion
Previous studies have suggested an interrelation between the carotid pressure (distension) AIx and flow AIx, 20 but their potential differences in fundamental characteristics and predictive ability for cerebrovascular risk were completely obscure. We report here that carotid flow AIx has much closer associations with age, aortic stiffness, and WMH than did the aortic pressure AIx. To the best of our knowledge, this study is the first to demonstrate a definite difference between the pressure and flow augmentations, providing novel insights into the generating mechanisms of the carotid hemodynamics and its pathogenic influence on cerebral microvascular disease.
In the present study, we found both similarities and dissimilarities between the aortic pressure AIx and carotid flow AIx. As for the similarities, the aortic pressure AIx and carotid flow AIx were closely correlated with each other ( Figure 2B ) and both affected by common physiological factors including age (Table I in the online-only Data Supplement). Multivariate analysis showed that the aortic pressure AIx was able to account for 33% of the total variance in the carotid flow AIx. In addition, wave reflection analysis revealed close correlations between the aortic pressure RM and carotid flow AIx and between the reflected pressure and late systolic velocity peak times. These results confirm that the carotid late systolic flow depends on the aortic late systolic pressure which is augmented by the peripheral wave reflection arising from the lower body. 20 The observed temporal precedence of the flow over pressure peaks also supports this view, after the hemodynamic principle that the pressure gradient (ie, pressure derivative) rather than the pressure itself determines the flow waveform. 17 However, several dissimilarities also exist. For instance, our data show that the relationships with age ( Figure 2A ) and aortic stiffness parameters (Figure 4 ) are considerably different between the pressure AIx and flow AIx. The pressure AIx increased with advancing age up to 50 years but flattened thereafter (as similarly seen in previous reports 1 ), whereas the flow AIx increased more prominently beyond 60 years of age ( Figure 2A ). Our current finding of an exponential increase in the flow AIx with increasing pressure AIx ( Figure 2B ) should be particularly emphasized because it implies that, for elderly patients with an elevated pressure AIx, the actual flow augmentation is much greater than predicted solely by the pressure AIx.
It also became obvious from the results of our study that such an AIx difference between the pressure and flow originates from differences in the changes in the hemodynamic components of AIx with age ( Figure 3 ). More specifically, the convex relationship between age and pressure AIx (Figure 2A ) occurs because both augmented pressure and PP Figure 5 . Carotid hemodynamic indices in 3 patient groups with different Fazekas scores of white matter hyperintensities. In box-and-whisker plots, 3 horizontal lines represent 25 percentile, median and 75 percentile values, and whiskers represent SDs. Closed circles represent mean values. Covariates for ANCOVA include age, sex, height, body mass index, mean arterial pressure, heart rate, carotid mean flow velocity (except for flow pulsatility index), carotid artery diameter, estimated glomerular filtration rate (eGFR), hypercholesterolemia, diabetes mellitus, medical treatment with calcium channel blockers, reninangiotensin system inhibitors, adrenergic receptor blockers, diuretics, and statins. ***P<0.001, **P=0.001, *P=0.03 for univariate comparisons.
(ie, the numerator and denominator of pressure AIx) increase with age, but the age-dependent increase is more marked for the PP (Figure 3A and 3D) . Similarly, the concave curve for the flow AIx (Figure 2A ) is attributable to the combination of an increase in the late systolic flow (ie, the numerator of flow AIx) and a decrease in the early systolic flow (ie, the denominator) with age ( Figure 3B through 3F) .
Such changes in the AIx components with age can be theoretically accounted for by the interaction of the timing and amplitude between the reflected waves from the upper and lower parts of the body; the speculated mechanism (based on an asymmetrical T-tube model 29 ) is summarized in Figure 6 . In brief, the incident pressure wave ejected from the heart travels through the common carotid artery toward the downstream (internal and external carotid) arteries. A part of this wave is reflected at arterial bifurcations and high-resistance arterioles of the upper body (ie, neck and head) regions and then returns to the common carotid artery to boost the early systolic pressure, but it also reduces (inhibits) the forward flow into the downstream arteries. Meanwhile, the other reflected wave arrives relatively later from the lower body to both augment the late systolic pressure and increase the forward flow. In fact, the results of wave reflection analysis indicate that the observed age-related changes in the AIx (Figure 2 ) and waveform components ( Figure 3 ) are attributable to an age-dependent shortening of the round-trip travel time of pressure waves (because of an increase in PWV) and an enhancement of the RM (compare A and B in Figure 6 ). 2 It should be noted here that the reflection sites downstream of the common carotid artery reside mainly in the external (rather than the internal) carotid bed. 30 The present study found that the flow AIx is more closely correlated with the arterial stiffness parameters (ie, aortic PWV, aortic compliance, and elastic/muscular PWV ratio) that is the pressure AIx (Figure 4 ). This finding probably suggests that the late systolic flow augmentation is determined not only by the pressure augmentation but also by the arterial compliance (which is defined as the volume change for a given pressure change) and stiffness gradient. Specifically, in the case of a normal stiffness gradient in which elastic (aortic and carotid) arteries are more compliant than the peripheral (downstream) muscular arteries in the head and neck, most of the blood ejected (or reflected from the lower body) during late systole is pooled within the compliant elastic arteries, and the little remaining flows out to the peripheral arteries; this would cause the late systolic flow to remain relatively low ( Figure 6A ). However, in the case of aortic sclerosis with an inverse stiffness gradient, less blood is pooled within the stiff aorta/carotid arteries and more blood flows out toward the more compliant head/neck arteries, and thus the late systolic flow would be further augmented ( Figure 6B ).
In agreement with some previous studies, 7, 11, 31 the present MR imaging data showed a significant association between the pressure AIx and WMH severity independent of various confounding factors ( Figure 5 ). Our investigation further clarified that the flow AIx has a similar independent association with WMH severity, and this association remains significant even after controlling for the aortic PWV. Moreover, the logistic analysis revealed that the flow AIx is more predictive of the presence of WMH than the pressure AIx or other central hemodynamic parameters (Table 2 ). These results suggest that the carotid flow augmentation (due partly to the aortic pressure augmentation) is predominantly involved in the early development of WMH. The precise mechanism of WMH is still unsettled, but pathological studies suggest that the increased tissue water content 32 (evident also from the T2/fluid-attenuated inversion recovery images) is attributable to perivascular tissue edema, as well as a breakdown of the blood-brain barrier. 33 Taken together with the pulse wave encephalopathy hypothesis, 14, 15, 34, 35 the current observations indicate that increased flow pulsations secondary to the late systolic augmentation travel through the large cerebral arteries downward to intracerebral microvessels, 36 strengthen the pulsatile (frictional) shear stress to the vulnerable wall, provoke endothelial injury and extravascular fluid exudation, and finally lead to the development of cerebral WMH. Our additional finding of a positive association between the carotid diameter and WMH (Table III in the online-only Data Supplement), as also seen in a recent report, 37 supports this interpretation by suggesting that the carotid flow volume (ie, the product of the flow velocity and lumen area) in late systole is indeed augmented in the patients with WMH.
In our current study, the flow PI of the common carotid artery was not increased but rather decreased in patients with WMH ( Figure 5 ). In addition, the PI was incapable of predicting the presence of WMH after controlling for various *Covariates for adjusted model 1 include age, sex, height, body mass index, mean arterial pressure, heart rate, carotid mean flow velocity (except for flow pulsatility index), carotid artery diameter, eGFR, diabetes mellitus, hypercholesterolemia, medical treatment with calcium channel blockers, renin-angiotensin system inhibitors, adrenergic receptor blockers, diuretics, and statins; covariates for adjusted model 2 include all covariates for adjusted model 1 plus log-transformed carotid-femoral pulse wave velocity. †Log transformed.
confounders (Table 2) . Although similar observations were reported in patients with migraine 38 and in an elderly population, 39 the lack of (or even an inverse) association between the common carotid PI and WMH may seem to conflict with our proposed mechanism suggesting an importance of flow pulsatility and with other previous studies showing a significant association between the internal carotid or middle cerebral PI and WMH. [40] [41] [42] However, these apparently conflicting findings are probably explicable by a distinct difference between the common and internal carotid (or middle cerebral) artery PIs. In most (91%) patients of the current study, the early rather than late systolic flow peak corresponded to the maximal systolic peak and therefore contributed to variations in the common carotid PI. However, the early systolic flow peak is known to markedly attenuate while traveling from the common to internal carotid arteries, although the late systolic peak remains unchanged. 43, 44 There is also experimental evidence that only low-frequency pulse waves (which are mainly composed of widely dispersed reflected waves), but not highfrequency waves, can reach deep into intracerebral microvessels. 17, 45 Considering these facts, it seems most likely that the low-frequency late systolic flow of the common carotid artery becomes more important for estimating the intracerebral flow pulsatility, rather than the high-frequency early systolic flow, which is a major determinant of the common carotid PI. 20 In fact, MR studies have demonstrated that PI decreases markedly within the carotid tree, 44 and pulsatile flow waveforms change from bimodal to monomodal with a late systolic peak in the intracranial vessel tree through the cerebral arteries down to venous sinuses. 34, 46 These observations suggest that the late (rather than early) systolic peak determines the flow pulsatility in the cerebral microvasculature. Another potential explanation for the inverse association between the PI and WMH can be made from the original view that PI measures the peripheral vascular resistance. 22, 47 Based on this view, a lower PI in patients with WMH ( Figure 5 ) may imply that the lower cerebrovascular resistance enables greater pressure and flow pulsations to reach the vulnerable microvasculature, thereby predisposing it to WMH. 38 This explanation is also compatible with our data showing that the late systolic flow volume (F 2 ) as augmented by lower body reflection contributed positively to the flow pulse height (Fh; r=0. 34 
, P<0.001).
This study has strengths and limitations. The representative velocity pulse waveform was constructed in a quantitative and bias-free manner by mathematical ensemble-averaging of individual pulse waveforms during as many as 10 consecutive beats. Also, the velocity peaks were detected automatically using a second derivative waveform for reliable determination Figure 6 . Aortic pressure and carotid velocity pulse waveforms at different ages, drawn with the suggested influence of wave reflection. A, A young (33-yearold) subject; B, an elderly (70-year-old) subject. The early double down arrow represents wave reflection from the upper body, and the later double up arrow wave reflection from the lower part of the body. The length and interval of the double arrows indicate the estimated intensity and duration of wave reflection, respectively. Note that carotid flow is decelerated by wave reflection from the upper body but accelerated by wave reflection from the lower body, whereas the aortic pressure is augmented by both wave reflections from the upper and lower body. The different flow patterns between the young and elderly subjects are explicable by the differences in the timing and intensity of wave reflections from the upper and lower body. According to the pressure wave reflection (from the lower body) analysis, the forward pulse height, reflected pulse height, reflection magnitude, forward peak time, reflected peak time, pulse reflection time, and round-trip travel time for subjects A vs B were estimated as 30 of the flow AIx. The fluid-attenuated inversion recovery, as well as T1/T2 imaging on brain MR imaging enabled us to differentiate WMH from other microvascular lesions such as perivascular spaces and lacunar infarcts. The limitations of this study are summarized as follows. First, the pressure and flow AIx were measured at different arterial (ie, aortic and carotid) sites in a sequential rather than simultaneous manner, although the aortic pressure AIx was highly and linearly correlated with the carotid pressure AIx. 48 Second, WMH were evaluated semiquantitatively using ordinal scales rather than quantitatively by automatic calculation of the WMH volume, although the visual inspection on MR imaging images was indeed necessary for the differential diagnosis of small lesions. 33 Third, our present results may not be generalizable to other populations such as those with heart failure with reduced ejection fraction, since the AIx depends on cardiac contractility, as well. 49 In addition, the various antihypertensive treatment given to most of our patients might have influenced the current observations, although the overall results were unaltered even after adjusting for such confounding effects. Whether our present results can apply to a larger general population requires further investigation. Finally, the cross-sectional nature of this study precludes definitive conclusions about causality. To eliminate a possibility of partial co-association secondary to advanced age, the suggested causal link between carotid flow augmentation and WMH needs to be tested further by prospective studies.
The appearance of WMH precedes stroke, dementia, and all-cause mortality. 50 Although WMH are generally considered irreversible and untreatable, recent investigation has suggested that WMH could potentially decrease or even disappear at least in the early stages 33 (just as in posterior reversible encephalopathy syndrome with malignant hypertension 51 ). Future interventional studies are needed to examine whether the flow AIx can be lowered by certain types of de-stiffening or vasodilating therapy and, if so, whether it can inhibit (or even regress) the progression of WMH and thereby contribute to the prevention of cerebrovascular disease and cognitive impairment.
